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I. INTRODUCTION
High-j (HK) dielectrics have entered mass production as an effective means to handle the contrasting requirements for small equivalent oxide thickness (EOT) and reduced leakage. Unfortunately, gate stacks featuring HK dielectrics have consistently shown a lower mobility with respect to the well known universal curves. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The problem is alleviated by the introduction of an interfacial SiO 2 layer (IL) between the channel (Si) and the HK material.
Several mechanisms could explain the observed mobility degradation, and a prominent role has been ascribed to soft optical phonons (SOph). [11] [12] [13] [14] However, recent studies predict an influence of SOph on the electron mobility significantly weaker than previously thought. [15] [16] [17] [18] Coulomb centers in the gate stack (RemQ) have also been proposed as a possible cause of the mobility reduction, 4, 19 but very large charge densities seem to be necessary to justify the experimental mobility degradation, 15, 17 which appear to be inconsistent with the flat band voltage shift [20] [21] [22] and with direct RemQ density measurements obtained with modified charge pumping methods. 23, 24 Furthermore, recent experimental data and atomistic simulations suggest that the mobility degradation could be due to interface dipoles close to the HK/IL interface (DipQ). [25] [26] [27] The mobility reduction has also been ascribed to nitrogen diffusing down to the channel/dielectric interface. [28] [29] [30] From the device modeling perspective, models for RemQ charge scattering are assessed 19, [31] [32] [33] and a model for the DipQ has been proposed by these authors in Ref. 17 . As for SOph scattering mechanism, a few models have been proposed, which result in quite different predictions, 15, 34 thus making the overall scenario still unclear.
In this paper, we aim to significantly extend previous analysis 61 by providing the details of the theory, a justification of the approximations made, an assessement of its limits and the results of an accurate comparison between multisubband Monte Carlo (MSMC) transport simulations of the electron and hole inversion layer mobility and several sets of experimental data. We show that samples fabricated by different industrial and research labs exhibit a remarkably consistent behavior, which cannot be quantitatively explained by soft optical phonon scattering alone. We also show that a very large amount of charges in the gate stack is necessary to reproduce by simulation the examined experimental data. The sensitivity of the results to some of the model approximations is analyzed, and physical phenomena which could possibly reconcile the presence of significant amounts of charge with the observed threshold voltage are suggested.
The paper proceeds as follows. In Sec. II, we review the basic concepts of the multi-subband simulator and describe the models for the SOph, RemQ, and DipQ scattering employed in this work. In Sec. III, we examine the effect of these scattering mechanisms on the n-and p-MOSFET mobility by means of comparison between experimental data and simulations. Finally, in Sec. IV, we examine the threshold voltage shifts associated to the RemQ and DipQ densities used to reproduce the experimental data. A critical discussion of the results and the conclusions are reported in Sec. V.
II. MODELING APPROACH
We use the established MSMC approach 35, 36 to calculate the mobility for electron and hole inversion layers; the energy relation for the n-MOSFET is based on the effective mass approximation, 36 whereas the one for the p-MOSFET is based on the semi-analytical energy model for hole inversion layers presented in Refs. 37 and 38 .
The simulation scheme is much simpler than the one described in Ref. 36 . In particular, since we simulate the low-field mobility, the quantum well has a constant shape in the transport direction. We solve the coupled Poisson and Schrödinger equations in equilibrium condition to obtain the vertical potential profile that is kept frozen during the MC simulation. The driving field in the channel direction is set to a constant and low value (approximately 1 kV/cm). Periodic boundary conditions are employed to mimic a long channel device. The ensemble MC technique is used but, in this configuration, it is equivalent to and essentially as efficient as a single particle MC.
The simulations account for phonon, surface roughness, and ionized impurity scattering in the channel 36, 38 and (when necessary) for the scattering mechanisms related to the presence of the high-j dielectrics (SOph, RemQ, and DipQ). The coupling between the SOph and the carriers in the inversion layer has been neglected and a detailed discussion of the reasons in support of this simplification is given in the Appendix. Moreover, we do not consider modified surface roughness scattering parameters as a possible explanation for the mobility degradation due to high-j dielectrics, because the latter is mostly observed in the range of low and medium effective fields where surface roughness is not the dominant scattering mechanism.
The scattering rates are given by the Fermi golden rule once the matrix elements are known. The intra-valley matrix element between the ith and jth subband is expressed as 
where e is the elementary charge, A is the normalization area in the transport plane, and z is the direction normal to the transport plane as defined in Fig. 1 . / S ðq; zÞ is the two dimensional Fourier transform of the scattering potential with respect to the (x,y) coordinates in the transport plane, whereas the dependence on the z-coordinate is retained. w i ðzÞ and w j ðzÞ are the envelope wavefunctions of the initial and final subbands obtained by solving the quantization problem in the z direction.
In the following, we describe in detail the expression of the perturbation potential /ðq; zÞ of the scattering mechanisms related to the use of the HK dielectrics.
A. SOph in structures without interfacial layer
Before discussing the details of mobility modeling for a realistic gate stack featuring an IL, the HK dielectric, and a metal gate, we show in Fig. 2 a review of the simulated effective mobility (l ef f ) for an infinite HfO 2 layer on top of a Si channel (no IL) and without scattering from remote Coulomb centers, considering the lowest and second lowest SOph for the HK by means of the formula 11 
HK ðxÞ ¼
where 0 , i , and 1 are the electric permittivity of the HK material at low, intermediate, and infinitely high frequency.
x TO;i is the energy of the ith phonon mode. Equation (2) gives the angular frequencies of the lowest and second lowest phonons
where ON and OFF are equal to 0 , i , and to i , 1 for the lowest and second lowest modes, respectively. The matrix elements for the SOph scattering in such a simple situation have a well established formulation. 40, 41 However, the figure shows that calculations from different authors (open symbols) disagree even in this simple situation, suggesting the need for a careful modeling-based analysis of SOph scattering and mobility reduction in HK stacks.
In particular, our model (filled squares) shows good agreement with the curve (open circles) obtained combining by means of the Mathiessen's rule the experimental mobility FIG. 1. Sketch of the gate stack structure considered in this work and definition of the symbols. The dielectric constant of the various layers is also indicated together with the positions (A, B, C) for the dipoles and the charges. The Àt IL is equal to the positions z q1 and z q2 in the configuration A and C, respectively. In the configuration B, the charges q 1 and q 2 are placed at Fig. 3(a) ). Moreover, also the temperature dependence is the same between our model and the one in Ref.
43 (see Fig. 3 Fig. 4 shows the simulated electron and hole mobility in bulk devices versus the effective electric field E ef f taking into account SOph scattering for various HK dielectrics without IL. The parameters of the SOph model are taken from Ref. 11 . In the n-MOS case (closed symbols), SOph scattering causes a large mobility reduction (up to about 40%), whereas in the p-MOS case (open symbols) the effect is negligible, for HfO 2 , which instead produces the largest mobility reduction in the n-MOS case. The p-MOS is less sensitive to SOph than the n-MOS mainly because the p-MOS mobility without SOph is much smaller than the n-MOS one and also because the SOph limited mobility is larger than in n-MOS.
Comparison between the dotted-dashed line (obtained for HfO 2 including only the lowest polar phonon) and the filled "down" triangles curves (lowest and second lowest phonon) in Fig. 4 demonstrates that the effect of the second lowest SOph is modest and can be safely neglected. We will return on this point later in Sec. II B.
B. SOph scattering in MG/HK/IL structures
The perturbation potential for SOph scattering in a gate stack featuring a SiO 2 IL, the HK dielectric, and an ideal metal gate (see Fig. 1 ) has been computed following the approach in Ref. 11 .
In principle, all remote phonon modes that originate in both the HK and the IL material should be considered. However, an analytic expression for the phonon energy dispersion can be derived only if we consider a single phonon. It is expected that the HK modes are predominant due to the larger dielectric permittivity compared to the SiO 2 IL. As for the possible relevance of the TO2 mode in the HfO 2 (not included in Eqs. (6) and (8)), we showed at the end of the former paragraph that in the case of an infinite dielectric without IL, the TO2 mode changes the overall mobility by about 5% (Fig. 4) , which confirms that the TO2 mode can be safely neglected also in a real structure as the one in Fig. 1 .
Therefore, the dielectric constants of the IL and of the Si channel are set to their low frequency values and only the lowest mode (TO1) in the HK layer has been taken into account according to the approximated formula 11 
HK ðxÞ ¼
With these assumptions, the expression of the perturbation potential / SO;i ðq; zÞ in the generic ith layer (namely silicon, IL, or HK layer, see Fig. 1 
where A i;1 and A i;2 are two constants to be determined imposing the continuity of the potential / SO ðq; zÞ and of the electric displacement field d/ðq; zÞ=dz at the HK/IL and IL/Si interfaces. Solving the corresponding linear system of equations, we determine the angular frequency of the resulting SOph mode as a function of the magnitude q of the exchanged wave-vector, which is 39
where
while the other symbols are defined in Fig. 1 . The approximated dispersion relationship in Eq. (6) is compared in Fig. 5 with a complete numerical solution obtained in a structure where TO1 and TO2 modes are active in both SiO 2 and HfO 2 . The two TO modes in the IL produce four branches, whereas the two TO modes in the HK produce two additional branches, 15 but only the lowest one is shown in Fig. 5 . We see that Eq. (6) reproduces well the features of the lowest mode in the full numerical solution. Equating the classical and the quantum mechanical phonon energy (as in Ref . 11), the amplitude of the perturbation potential in the Si channel is found to be 39
The q dependence of x SO (and thus of the phonon energy) significantly complicates the computation of the state-after-scattering in the MSMC; consequently in most simulations, we have used a constant average phonon energy hx SO;ave in the computation of the state-after-scattering. In fact, we verified that the impact of this simplification on the mobility is negligible. 15 Concerning the dependence of the mobility on the IL thickness and on the HK layer thickness, simulations in Ref. 15 have shown that changing t IL results in significant changes of l ef f , whereas l ef f is almost independent of t HK for t HK > 3 nm.
C. Modeling of the RemQ scattering
The perturbation potential of the RemQ scattering strongly depends on the thickness and on the dielectric constant of the materials in the gate stack as well as on the screening produced by the inversion layer. 31 In this work, we have first calculated the scattering potential produced by a point charge accounting only for the metal gate screening. More precisely, the general form of the unscreened scattering potential produced by a point charge located at ðx; y; zÞ ¼ ð0; 0; z 0 Þ in the ith layer of the stack (namely the silicon, IL, or HK layer, see Fig. 1 ) is given by 31, 39, 46 
where B i;1 and B i;2 are two constants to be determined. In the Si substrate, we have B i;2 ¼ 0, whereas in the high-j layer, a relation between the two constants is obtained by setting /ðq; z; z 0 Þ ¼ 0 at the HK to metal gate interface. This boundary condition makes the mobility dependent on the HK layer thickness, but in our devices, the change is less than 10% for t HK changing from few nanometers to infinity in all the N inv range of practical interest, meaning that more sophisticated modeling of the MG is not critical. The four remaining constants in the HK, IL, and silicon region are determined by imposing the continuity of the potential /ðq; z; z 0 Þ and of the electric displacement field d/ðq; zÞ=dz at the HK/IL and IL/Si interfaces. 31 The matrix element M i;j ðq; z 0 Þ (for a fixed charge at the position z 0 ) is then obtained using Eq. (1). The positions of the charges are assumed to be uncorrelated, so that the overall matrix element for Coulomb scattering is
where N z 0 is the concentration of fixed charges at the coordinate z 0 . Finally, we have used the scalar dielectric function approach to include the screening of the intrasubband transitions produced by the inversion charge
where M scr j;j ðqÞ is the screened matrix element of the transistion in the jth subband and ðqÞ is the dielectric function calculated for a device featuring the proper IL/HK/MG gate stack. 31, 39 It has been shown in Ref. 47 that this simplified scalar approach to screening can be safely used in bulk and SG-SOI structures and gives essentially the same results as the matrix screening approach.
The simulation results reported in Ref. 15 have shown that the dependence of the RemQ-limited mobility on the IL thickness is significant and, differently from the SOph case, the mobility is also sensitive to the HK layer thickness t HK .
D. Modeling of the DipQ scattering
On the same grounds of the RemQ model (Sec. II C), the scattering potential due to dipoles oriented perpendicularly to the IL/HK interface (see Fig. 1 ) is obtained by solving the Poisson equation as the sum of the transformed scattering potentials of the single charges (Eq. (9)) constituting the dipole, which have different sign with respect to each other. Therefore, the scattering potential produced in the channel region by a dipole is
where d dip is the distance between the charges q1 (placed at z q1 ) and q2 of the dipole (see Fig. 1) ; B q is a new constant stemming from the sum of the scattering potentials of the charges q 1 and q 2 of the dipole that can be expressed in terms of the B q i ;1 coefficients in Eq. (9). After using Eq. (1), the overall matrix element for the DipQ scattering can be obtained as
As in the RemQ case, the screening produced by the inversion layer has been included in the evaluation of the scattering rate by using Eq. (11).
III. COMPARISON WITH EXPERIMENTAL DATA
In this section, we compare a large number of experimental mobility data for HfO 2 gate stacks (see Table I ) with MSMC simulations in order to assess the relative importance of SOph, RemQ, and DipQ scattering in realistic n-and p-MOSFET devices fabricated by different companies and research labs.
A. Calibration of the models
The simulation models have been first calibrated on the universal mobility curves 42 34 The reference devices with SiO 2 dielectric corresponding to the Bulk-A, Bulk-C, and Bulk-D devices (see Refs. 3, 4, and 48) exhibit lower mobility than the universal curves. Thus, before simulating the corresponding transistors featuring HfO 2 , we calibrated the parameters N SiO 2 =Si , D SR , and K SR on the specific SiO 2 reference devices. The calibration of the simulators has been described in Refs. 15 and 17 for the nBulk-A and pBulk-A, respectively. The calibration for the nBulk-C and nBulk-D cases is shown in Figs. 8 and 9 , respectively (open circles vs. dashed line).
For the Bulk-B devices, instead, the SiO 2 reference device was not available. However, the nBulk-A and nBulk-B devices have the same channel doping concentration and the same gate stack. So, for the purpose of calibration in this case, we compared the experimental mobility data of the HK devices with t IL ¼ 1 nm and t HK ¼ 3 nm in Ref. 4 (nBulk-A) and Ref. 49 (nBulk-B) and we attributed the discrepancy to the quality of the IL/Si interface. 62 Finally, for the SG-E devices, we calibrated the simulators for n-and p-MOSFETs on the universal mobility curves of Ref. 42 (using the parameter values in Table II) , since SiO 2 control devices were not available, but the same fabrication process produces bulk devices with mobility close to the universal curves. 50 For the sake of clarity, Table III summarizes the calibration parameters used for each set of devices.
B. Effect of the SOph and RemQ scattering
The model described in Sec. II has been used in Refs. 15 and 17 to simulate the nBulk-A and pBulk-A devices measured in Ref. 4 . We showed that the experimental mobility reduction induced by the high-k dielectric can be reproduced by using the same concentration of charges at the IL/HK interface for the nMOS and pMOS transistors (N HK=IL ¼ 9 Â 10 13 cm
À2
), whereas SOph alone have a negligible impact on the mobility. Results for the nMOS devices at 300 K and 100 K are shown, respectively, in the plots (a) and (b) of Fig. 6 .
Here, we extend the analysis to data from different sources in order to assess the effect of SOph and RemQ and the TABLE I. Summary of the devices simulated in this work. The experimental data for the bulk devices are taken from literature, whereas the SG-SOI devices have been measured in this work. 2012) general validity of the previous findings in many realistic devices. Fig. 7 shows simulations of the nBulk-B devices. Concerning the nBulk-C devices, Fig. 8 shows that, by activating the HfO 2 SOph scattering mechanism only (filled squares), results are far from the experimental data. Once again, in order to reproduce the experimental mobility reduction, we have to activate the RemQ mechanism, assuming a charge density of at the IL/HK interface N IL=HK ¼ 4 Â 10 13 cm
, which is fairly close to the value used for the nBulk-A, pBulk-A, and nBulk-B devices.
The simulation of the nBulk-D device (Ref.
3) has been slightly more complicated. In fact, the t IL value was not available, whereas the EOT was given. We have assumed a realistic value for the t IL , namely 1 nm, and we thus obtained the t HK (2:54 nm) from the EOT. Fig. 9 shows that, once again, SOph scattering has a very weak influence on l ef f while a large concentration of fixed charges at the IL/HK interface helps approach the experimental mobility curve. Also for this device, the concentration of RemQ scattering centers (N IL=HK ¼ 5 Â 10 13 cm
) is close to the value used to reproduce the measurements of the n-and pBulk-A, nBulk-B, and nBulk-C devices.
We have also analyzed SG-SOI n-and p-MOS devices to assess if a different electrostatic configuration, as the one in an SOI substrate, can change the effect of SOph and RemQ scatterings on the mobility. To this purpose, we have measured SG-SOI MOSFETs fabricated by ST Microelectronics Crolles with an undoped 12 nm thick silicon channel (n-and pSG-E). Fig. 10 compares measurements and simulation results accounting for SOph scattering whose effect is almost negligible, giving a mobility close to the universal curve for both the n-and p-MOSFETs, whereas the experimental mobility reduction with respect to the universal curves is significant. The same figure shows that, in order to approach the experimental mobility of the SG-SOI devices, RemQ densities of 3 Â 10 13 cm À2 and 6 Â 10 13 cm À2 are needed in the n-and p-MOS case, respectively. These values are once again consistent with those used for the simulations of the samples in Figs. 7-9 .
To show that the previous results are not peculiar to HfO 2 based gate stack, we consider here other materials. Since the mobility reduction associated to SOph scattering mechanism is almost negligible, we can safely decide to neglect this scattering mechanism in the following simulations. Fig. 11 shows the simulation of an undoped 10 nm thick SG-SOI transistor featuring a 2.5 nm thick HfSiON gate dielectric with t IL ¼ 1 nm. 50 The same figure shows also the simulation of a bulk device featuring HfZrO 2 (t HK is 2:5 nm). The channel doping of the bulk device is 4 Â 10 17 cm À3 and the t IL value is 0:7 nm. We have calibrated our simulator as done for the nSG-E device, since all these devices have a similar fabrication process. We observe that the experimental data are reproduced assuming a concentration of RemQ charges N HK=IL ¼ 2 Â 10 13 cm À2 and N IL=HK ¼ 3 Â 10 13 cm À2 for the HfSiON and HfZrO 2 devices, respectively.
These findings confirm the results obtained in Ref. 4 for the n-MOS, where the N IL=HK was estimated to be 7 Â 10 13 cm À2 using a 2 subband momentum relaxation time model for RemQ and extend them for the p-MOS case.
Moreover, the concentration of charges that has to be assumed in order to reproduce experimental data for HfSiON and HfZrO 2 devices are very similar to those assumed for the HfO 2 devices, thus confirming that the results of this paper are of general relevance for HK devices.
C. Effect of the DipQ scattering
In Sec. III B, we have modeled the imperfections at the IL/HK interface as single charges. Probably, the shape of the imperfections is more complicated than a single charge. We can improve our analysis by considering also the first order term of the multipole expansion of the charge distribution. In this regard, recent ab initio studies concerning the HfO 2 /SiO 2 interface have tried to assess the features of the dipole originating at that interface. From Ref. 27 , we extract the density and the distance between dipole charges to be in the order of 2:8 Â 10 14 cm À2 and 0:175 nm, respectively. Fig. 12 clearly shows that the experimental mobility of the nBulk-A devices cannot be reproduced by simulation if we take into account the presence of the dipoles suggested in Ref. 27 , in addition to the SOph scattering mechanism. The same holds for the other devices considered in this study (not shown).
Much larger N DipQ values have to be inserted in the model to reproduce experimental data, but as we will see later in Sec. IV C, they correspond to DV th values much larger than those from ab-initio simulations.
IV. THRESHOLD VOLTAGE SHIFT A. Threshold voltage associated to RemQ
In the previous section, we have seen that large amounts of charges in the gate stack have to be assumed in order to reproduce the experiments. In this subsection, we examine how strongly these charges affect the threshold voltage of the n-and p-MOSFETs and assess the consistency of the result with the mobility data. The threshold voltage shift DV th produced by remote charges of the same type (i.e., all positive or all negative) located at the IL/HK interface is
By means of Eq. (14), the numerical values of DV th corresponding to the N IL=HK necessary to reproduce the experimental data of the devices in Table I can be calculated. The results (reported in Table IV ) are unrealistic and not observed in any experiment.
Note that in the simulations and in Eq. (14), we have assumed an ideal HfO 2 dielectric with the relative electric permittivity equal to 22, thus close to its theoretical value. 11 Assuming lower permittivity values allows us to reproduce the experiments with a slightly lower concentration of remote charges, which however produces an even higher DV th than reported in Table IV . Indeed in accordance with Eq. (14), halving the HK leads to double the DV th . But halving the HK does not halve the N IL=HK required to match the experimental mobility, so that we end up with a larger DV th .
B. Effect of the RemQ position
To test the sensitivity of these results to the charge location, we have also simulated the n-Bulk-A devices with RemQ located in the bulk of the IL. Table V summarizes the charge density necessary to reproduce the experiments and the corresponding DV th , which are functions of t IL . Expressing these charges as areal densities, we obtain numbers similar to those found in Table IV . The corresponding DV th is also similar.
Simulating instead the n-Bulk-A devices with RemQ located only at the Si/IL interface, we have to insert in the model the densities of charges shown in Table V (4-th column) to reproduce the experimental mobility data, finding the DV th reported in the same Table ( 5-th column). As in the case with charges only in the IL, the N Si=IL that allows to reproduce the experimental data changes when the t IL value is changed. However, differently from the previous case, the DV th is essentially independent of the t IL value.
Summarizing the results in this paragraph, we can say that no matter where we locate it, the RemQ required to reproduce the mobility degradation appears to be very large and the associated DV th unrealistic.
C. Threshold voltage associated to DipQ
One may expect dipoles to provide a smaller DV th with respect to the RemQ model for a given mobility degradation. However, we will see in the following that this is not the case.
To this purpose, Fig. 13 analyzes the effect of dipole charge distance d dip on the simulated electron mobility for dipoles having one charge at the IL/HK interface and the other one inside the HK layer. (A-position in Fig. 1) . The results are in between the case with d dip ¼ 0 (the effect of one charge is cancelled by the other one) and d dip ¼ t HK (corresponding to the mobility degradation produced by the RemQ mechanism since q 2 is completely screened because it has reached the metal gate). For N dip ¼ 10 15 cm À2 , the value d dip ¼ 1 nm allows us to reproduce the experimental data of the nBulk-A device of Ref. 4 . However, changing N dip results in a different value of d dip necessary to approach the experimental curve. Fig. 14(a) illustrates the N dip -d dip values allowing us to reproduce the experimental mobility results in Fig. 13 at 300K and 100K, for dipoles in the A-position. We observe that approximately the same sets of (N dip ,d dip ) can explain the experimental mobility behaviour at both temperatures. 
By using

DV
AÀDipQ th
which gives the DV th produced by a sheet of dipoles in the A-position, the configurations giving a DV th of 1:0 V and 10 V can be identified (lines in Fig. 14(a) ). We see that the lowest DV th corresponds to d dip ¼ t HK , which is a condition equivalent to the RemQ, namely a single layer of charges at the IL/HK interface, as considered in Sec. II C and in Ref. 15 . The situation is not significantly improved if dipoles are in position B (Fig. 14(b) ) or C (Fig. 14(c) ). In fact, noting that the corresponding DV th is
and
for a layer of dipoles in the B and C position, respectively, we could find only few (N dip ,d dip ) pairs reproducing the experimental data while giving a DV th below 1 V. However, the configurations with the lowest (and more credible) DV th are those for d dip ' 2 Á t IL for case B and d dip ' t IL for case C. Hence, these configurations are essentially equivalent to the RemQ case with N IL=Si ¼ N dip , since they are dominated by a sheet of charge at the Si/IL interface. Therefore, for the dipole configurations A, B and C in Fig. 1 , the charge density that introduced in our model reproduces the experimental mobility yields a DV th shift comparable to or even larger than the RemQ case. This is in contrast with the common believe that DipQ can reproduce the mobility with lower DV th than the RemQ. 13, 51, 52 Such DipQ densities are also much larger than the ones obtained by ab initio calculations on the SiO 2 /HfO 2 interface (Ref. 27) as discussed in Sec. III C.
V. DISCUSSION AND CONCLUSIONS
Extensive simulations exploring a large number of devices and parameter values in the framework of the same MSMC transport model and comparison with experimental data for HK/MG MOSFETs from different fabrication lines provide a consistent indication that the mobility reduction observed in hafnium based high-k dielectrics cannot be solely or dominantly attributed to soft optical phonons neither in n-MOS nor in p-MOS devices. Indeed, when simulating realistic device structures with IL and including the scattering with charges at the Si/SiO 2 interface (which can be very large in realistic devices featuring much lower mobility than the universal curve), the effect of soft optical phonons becomes very modest.
The bias and temperature dependence of the mobility reduction appears instead to be consistent with significant remote Coulomb scattering by charge trapped in the gate stack for all the considered HK stacks. However, assuming the charges to have the same sign, they should cause very large threshold voltage shifts inconsistent with the experiments. The situation does not improve if we assume the charge to be in the form of dipoles with a dipole moment normal to the IL/HK interface and regardless of the details of the charge spatial distribution.
A possible explanation of the apparent inconsistency between the RemQ or DipQ densities needed to reproduce the mobility and the DV th may be the presence of a sheet of dipoles at the metal gate/HK interface as reported for instance in Refs. 53-58. These dipoles could compensate with an opposite DV th the one produced by RemQ or DipQ, thus masking their effect on the overall DV th while still having marginal impact on the inversion layer mobility due to , similarly to what found in Ref. 55 . Fig. 15 demonstrates that the estimated MG/HK-DipQ layer has a negligible effect on the electron mobility in the case of the nBulk-A devices of Ref. 4 .
Alternatively, models for the remote charge distributions should assume a random placement of positive and negative charges or dipoles parallel to the IL/HK interface statistically yielding a zero DV th . However, it is difficult to believe that a density of 10 13 or 10 14 cm À2 random placed charges (which would be comparable or larger than the inversion layer density) could exist at the interface without interacting with each other and thus producing a scattering potential smaller than the one considered in our models; hence insufficient to reduce the mobility to the measured values.
As a final remark, we note that in view of our results, showing the limitations of SOph, RemQ, and DipQ models, the recently proposed idea 29 that the mobility reduction could be due to neutral defects located at the interface between the channel and the gate stack as a consequence of nitrogen diffusion during the fabrication process gains relevance and interest. Such a scattering mechanism would obviously solve the inconsistency with the V th shift. The extension of our MSMC transport model to include such mechanism is however made difficult by the lack of a generally accepted expression for the scattering potential and it is left for future work.
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APPENDIX: COUPLING BETWEEN PLASMON AND PHONO MODES
As it has been thoroughly discussed in Ref. 11, the polar phonon modes of the high-j dielectrics can couple with the collective excitations of the carriers in the inversion layer and thus produce coupled phonon-plasmon modes. This is a known issue also in III-V polar semiconductors, where polar phonons are native in the semiconductor, rather than originating in an adjacent dielectric. 59 When such a phonon-plasmon coupling is important several relevant consequences come along:
11 (a) the hx versus q relation of the coupled phonon-plasmon modes can be different with respect to the expressions obtained by neglecting the coupling (such as Eq. (6)); (b) the amplitude of the coupled modes can be enlarged by the anti-screening effect, namely by the fact that the dielectric function for silicon can be much smaller than si;1 '11.7 0 and even negative; (c) the phonon and plasmon content of the coupled modes must be distinguished in order to calculate the scattering rates.
The quantitative assessment of the possible role played by the phonon-plasmon coupling is a delicate issue. Even if the energy dispersion of the modes is typically obtained by considering only the real part of the electronic dielectric response, it is well known that, if the corresponding imaginary part is non negligible, then the supposedly coupled modes tend to vanish because of the Landau damping. 11, 59 We investigated the possible remote phonon-plasmon coupling in an inversion layer by using a numerical determination of both the real and the imaginary electronic response. To this purpose, we assumed a simplified system consisting of the interface between a semiconductor and a dielectric, both with an infinite extension. In such conditions, the hx versus q relation for the coupled phonon-plasmon modes can be obtained by solving for x the equation 11, 59 ð1Þ þ
The silicon dielectric function si ðq; xÞ consists of both a real and an imaginary part and it was calculated by considering only intra-subbands polarizability and assuming that the intra subband form factors are approximately one. 47 The resulting, simplified expression for si ðq; xÞ reads 39 Si ¼ Si; 1 where E v;s ðkÞ is the energy at the wave-vector k in the subband (v,n), f 0 ðEÞ is the Fermi-Dirac equilibrium occupation function, and a is a positive real number that can be taken as vanishingly small in practical calculations. 59, 60 The polarization factors P v;s;s ðq; xÞ defined in Eq. (A3) were evaluated by converting the sum over k to an appropriate integral according to the standard prescriptions, and by employing a circular and parabolic energy relation, which makes the P v;s;s ðq; xÞ depend only on the magnitude q of the wave-vector q. 39 The real and the imaginary part of the P v;s;s ðq; xÞ are obtained by using the properties of the integral over k for a vanishingly value of a.
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After the calculation of P v;s;s ðq; xÞ and thus Si ðq; xÞ, Eq. (A1) was solved numerically to find the hx versus q relation for the coupled phonon-plasmon modes; the imaginary part of the silicon dielectric function Si ðq; xÞ was also monitored. Fig. 16 shows the energy dispersion of the modes, for N inv ' 3:2 Â 10 12 cm À2 and for N inv ' 6:45 Â 10 12 cm À2 , calculated by solving numerically Eq. (A1), compared to the q independent hx values obtained by neglecting the possible phonon-plasmon coupling (dot-dashed horizontal lines); the expressions for these latter hx values are given by Eq. (3) . Fig. 16 also shows the boundaries of the Landau damping region (solid lines), defined as the region where the magnitude of the imaginary part of Si ðq; xÞ is larger than 0 . We can see that the damped region is wider than in the case with T ¼ 0 (dotted-dashed lines). Fig. 16 conveys at least two important messages: (a) at the two considered N inv , the energy dispersion of the modes is very well approximated by the simple expressions obtained by neglecting the phonon-plasmon coupling; (b) the energy dispersion belongs almost entirely to a region of the hx À q plane where the Landau damping is large. The second point reinforces the first one and indicates that the phononplasmon coupling is expected to have a modest role in the conditions at study.
An important consequence of this reasoning is that, because of the damping, the anti-screening of the electronic response is also expected to be small for the hx À q values of most practical relevance, so that the expressions for the phonon amplitudes reported in Sec. II B are quite defendable approximations.
The analysis reported in Fig. 16 was repeated also for different inversion densities. As a general trend, the phononplasmon coupling effects appear to have a more visible effect on the energy dispersion with the increase of N inv , however, even at large inversion densities close to 10 13 cm
À2
, almost the entire hx À q relation belongs to a region where the imaginary part of the Si ðq; xÞ is significant, and consequently the Landau damping is expected to be large.
The results and discussion in this appendix support the simplifying assumptions for the modeling of remote phonons embraced in Sec. II and, in particular, we believe that the neglect of the phonon-plasmon coupling used in our simulations does not play a critical role in the reaching of the main conclusions of the paper.
